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A B S T R A C T
A containment and disposition water management strategy has been implemented at the Savannah River Site to minimize the discharge of tritiated groundwater from the Old Radioactive Waste Burial Ground to Fourmile Branch, a tributary of the Savannah River. This paper presents a general overview of the water management strategy, which includes a two-component (pond and irrigation) system, and a summary of operations and effectiveness for the first 3 yr of operations. Tritiated groundwater seep discharge was impounded by a dam and distributed via irrigation to a 22-ac (8.9-ha) upland forested area comprised of mixed pines (loblolly and slash) and hardwoods (primarily sweetgum and laurel oak). 
INTRODUCTION
A containment and disposition system has been implemented on the Savannah River Site (SRS), South Carolina, to minimize the amount of tritium-contaminated groundwater reaching Fourmile Branch, a tributary of the Savannah River ( Figure 1 ). The water management strategy consists of a two-component system: (1) a pond for the collection of groundwater seep discharge and (2) an irrigation system for distribution of tritiated water over an upland forested area. Tritium, a by-product of the nuclear materials production process, is a beta-particle-emitting radioisotope of hydrogen and has a half-life of 12.3 yr (Lide, 1996) . The Old Radioactive Waste Burial Ground at SRS has been designated as a source of tritiumcontaminated groundwater (Arnett and Mamatey, 1998) . One specific groundwater plume, known as the Southwest Plume, has emerged as a series of surface seeps adjacent to Fourmile Branch and its tributaries. Fourmile Branch is the single largest source of tritium entering the Savannah River from SRS (Arnett and Mamatey, 1998) . On average, about 167 million L (44 million gal) of surface water was estimated to be discharging from the seep channel each year (Blake, 1999) . Approximately 32% of the discharge has its origin from rainfall on the watershed (Blake, 1999) . The remaining portion either emerges from subsurface seeps in the watershed or discharges from a surface storm runoff sedimentation basin located in the northwest corner of the project area. The latter was believed to be the largest source of channel flow at the time of project initiation.
Previous research has established that trees along the seeps and close to the surface water are taking up and transpiring tritiated water (Luvall and Murphy, 1982; Kalin et al., 1995; 22-ac [8.9-ha] project area) based on the 25-yr average. Any tritiated water leaching below the root zone and through the vadose zone would reach the groundwater and return to the seep collection pond (U.S. Department of Agriculture Forest Service -Savannah River, 2001) .
In an effort to evaluate the potential for remediating tritiumcontaminated groundwater using containment, irrigation, and natural disposition (i.e., evaporation and evapotranspiration), the project was deployed with the following objectives: (1) to minimize tritium flux from a groundwater seep to Fourmile Branch; (2) to contain and disposition the tritium; (3) to release tritium to the atmosphere through evaporation and evapotranspiration, and (4) to determine overall treatment effectiveness. 
MATERIALS AND METHODS

Pond System Description
The groundwater seep selected for this project was located on the SRS near Fourmile Branch, a tributary of the Savannah River. A sheet pile dam, which allowed for the collection of seep discharge and subsequent pond formation, was installed in October 2000. The valve to the dam was closed in November 2000. Over the next several months, seepage filled the impoundment, resulting in the formation of a pond with a 9.6 million-L (2.5 million-gal) storage capacity. This pond capacity is equivalent to 21.5 days of average discharge or 5.7% of the total annual discharge. Construction of a stormwater bypass (30-in. [76.2-cm] pipe diameter) was completed in June 2002; this bypass was intended to divert stormwater runoff, including stormwater sedimentation pond discharge, from upgradient of the project area around the pond toward Fourmile Branch. The diversion reduced the irrigation operation time required to manage the pond water level by preventing mixing of pond tritium activity with stormwater runoff.
Irrigation System Design
The irrigation system is located on a 22-ac (8.9-ha) established upland forested area composed of mixed pines [primarily loblolly (Pinus taeda) and slash (Pinus elliotii)] and hardwoods (primarily sweetgum [Liquidambar styraciflua] and laurel oak [Quercus laurifolia]). The irrigation distribution system consists of two pumps (a 10-hp supply pump and a 15-hp distribution pump), a 15,140-L (4000-gal) supply tank, and float switches that control the respective pumps based on tank water level. The irrigation area layout consists of 28 plots, and plot size varies because of the topography of the area and the spacing of trees in the established forest. As water flows from the distribution pump to an individual sprinkler head, the irrigation system is comprised of a buried 4-in. 
Routine Irrigation System Operations
In March 2001, irrigation system testing was performed, and routine operations began in April 2001. Irrigation to each plot was controlled by a solenoid valve, which was engaged using a two-wire system. Solenoid valve control is accomplished using a Flowmaster 1 flow controller that is managed using Tucor 1 software for defining daily irrigation schedules. Decision making for summer daily irrigation was accomplished using a spreadsheet algorithm (Riha, 2001) , which provided a continuous daily estimate of soil water deficit using a water balance approach with inputs including measured rainfall and previous irrigation depths, as well as calculated evapotranspiration using the Priestly -Taylor method (Priestly and Taylor, 1972) . In summer months, if the calculated daily soil water deficit was greater than the estimated equivalent depth of water to be applied as irrigation, then irrigation proceeded as scheduled. Because winter transpiration is poorly understood in southeastern United States forests, winter irrigation scheduling times (October 15-April 15) were based on historic daily pan evaporation data from Blackville, South Carolina.
For the first year of operations (April 2001 -April 2002 , plots were irrigated based on equivalent weekly volumes totaling 36 mm (1.4 in.) per week at a frequency of 6 mm (0.24 in) per day every day for 6 days per week. After 9 months of operations, it was recommended that an evapotranspiration adjustment factor of 0.9 multiplied by the potential evapotranspiration was a reasonable upper limit for forest stands with well-developed canopies (Riha, 2002) . To ensure that overwatering did not occur, a reduction factor of 0.45 was applied to the evapotranspiration calculations, and daily irrigation schedule times for summer months were reduced accordingly beginning with the summer irrigation schedule in April 2002 (Riha, 2002) .
Seep Flow Rate Determination
An average seep flow estimated by tritium dilution in Fourmile Branch was determined to be 317.6 L min (Blake 1999) .
To properly assess the effectiveness of the tritiated water management strategy, seep flow rates were determined using a pond water balance approach. The pond water balance is based on the following model weekly intervals on a volumetric basis:
Pond water level was measured with an Remote Data Systems, Inc. Systems WL-80 data logger, whereas missing data was supplanted by mean daily staff gage measurements using data collected prior to and after irrigation. Pond volume and surface area were determined as related to pond water level using previously established surveying relationships (M. Amidon, 2002, personal communication); bank storage of pond water was not considered. Pond evaporation of tritiated water provided a secondary mechanism of remedial action. It was assumed that rainwater mixed uniformly and instantaneously, so that pond activity was equal to surface activity. It was also assumed that tritiated water evaporated by the same mechanism as water, and that the partial pressure gradient had no influence on loss. The daily depth of pond water evaporation was estimated using the Penman method (Penman, 1948; Jensen et al., 1990) , and daily evaporation volumes were determined by multiplying the resulting equivalent depth of water evaporated and the daily average pond surface area for a given pond water level. The amount of tritium released to the atmosphere by evaporation was estimated by multiplying the daily volume of water evaporated by the pond tritium activity. This procedure for determining daily evaporation volume may underestimate that volume of tritiated water actually evaporated based on the work of Horton et al. (1971) , who determined that the practical absence of tritiated water in the atmosphere creates a larger driving force for evaporative transport of tritiated water compared to water. This effect, however, is presumably small relative to the overall system performance.
Rainfall data was collected from several sources as data from various instrumentation were analyzed and evaluated for reliability and relevance over the course of the project duration. Initially, from April 2001 to April 2002, rainfall from the SRS site weather data was monitored, as well as three tipping bucket rain gages located within and adjacent to the project area. After April 2002, two rainfall collectors with a funnel and carboy configuration located in the irrigation area were used. The contribution of rainfall to the pond water balance was determined by multiplying the equivalent depth and the respective pond surface area.
Irrigation provided the primary mechanism of remedial action. If prescribed conditions were met, irrigation was performed. Flow rates to plots were determined in two ways: (1) using a Data Industrial 1 flow sensor to measure flow (actual) or (2) calculating flow rate (theoretical) based on sprinkler head flow constants (2.0 L min À 1 ; 0.52 gal min À 1 ), the number of heads per plot ($162 per ac), and plot irrigation time.
Soil Water Content and Pond and Soil Tritium Activity
To monitor and evaluate remediation effectiveness, 6 of the 28 irrigation plots contained three instrumentation clusters (n = 18) for monitoring purposes. In-situ measurements at the project area included soil water content by time domain reflectometry using a TRIME 1 unit on a biweekly basis at three depths: 25, 55, and 135 cm (9.8, 21.6, and 53.1 in.) (a 95-cm [37.4-in.] depth was added in April 2002). Soil water samples were also extracted monthly for tritium analyses using soil water vapor tube samplers, which consisted of a vacuum pump for collecting soil water vapor from wells at a given depth and a cooler system for the condensation of vapor into a liquid sample. Tritium activity of the water vapor was assumed to be in equilibrium with the tritium activity in the soil water at the sample depth. The soil water vapor well consisted of 1 in. (2.5-cm) Schedule 40 PVC well casing. The screen at the bottom was 6 in. (15 cm) long of slotted well driller's PVC pipe. A clay mixture was placed above the screen to prevent water flow through the borehole. Brass fittings at the top and side provided sample access. Air was drawn through plastic tubing attached to the side fitting by a minipump ($1.5 L min À 1 ) for about 36 -48 hr. The air was cooled to 32jF (0jC) as it entered a glass U-tube in an ice chest, and water vapor condensed and collected in a small test tube at the base. These samples were collected in the first 3.0 m (9.84 ft) of the soil profile at five depths: 25, 55, 135, 205, and 295 cm (9.8, 21.6, 53.1, 80.7, and 116.4 in.) . Soil water samples were analyzed for tritium activity by liquid scintillation analysis with an estimated detection limit of 20 pCi mL À 1 and a counting error below 2% for elevated tritium activity (Minaxi TriCarb 4000, Packard Instrument Co.). In addition, pond samples for tritium analysis were taken separately three times per week by the SRS Environmental Monitoring Services. Soil Water Content and Tritium Activity Figure 8 gives mean soil water content based on time domain reflectometry measurements for the 3-yr period of operations at four soil profile depths (25, 55, 95, and 135 cm; 9.8, 21.6, 37.4, and 53.1 in.) . Soil water content was typically higher with increased depth, ranging from 5 to 15% at 25-cm (10-in.) depth while ranging from 20 to 35% at 135-cm (53-in.) depth. Soil water content increased consistently at all depths over Figure 9 gives soil water tritium activity at five depths (25, 55, 135, 205, and 295 cm; 9.1, 21.6, 53.1, 80.7, and 116.4 in.) plus pond tritium activity for comparison. Tritium activity of irrigation water could be assumed to equal to pond tritium activity. Tritium activities at shallower soil depths (25 and 55 cm; 9.1 and 21.6 in.)
RESULTS AND DISCUSSION
Rainfall and Evapotranspiration Deficits
were consistently proportional to pond (irrigated) tritium activities. However, at deeper soil depths (135, 205, and 295 cm; 53.1, 80.7, and 116.4 in.) , tritium activities increased steadily over the 3-yr period of operations. By the end of the 3-yr period, tritium activities had approached levels of approximately 4000, 3000, and 2000 pCi mL À 1 for 135-, 205-, and 295-cm (53.1-, 80.7-, and 116.4-in.) soil depths, respectively. Figure 8. Soil water content at four depths (25, 55, 95, and 135 cm; 9.8, 21.6, 37.4, and 53.1 in.) during the first 3 yr of irrigation operations (February 2001 -December 2003 .
Overall Treatment Effectiveness
The ultimate mechanism of remedial action is primarily via evapotranspiration with some tritium removal by pond evaporation. Pond storage of tritium at the end of December 2003 was also considered in treatment effectiveness, but soil storage of tritium and partitioning of the fluxes in evapotranspiration, leaching, and lateral flux was only considered in a simulation model of water and tritium fluxes (Riha, 2002) . The overall objective of this project is to minimize the amount of tritium that reaches Fourmile Branch, a tributary of the Savannah River. From April 2001 to March 2004, the system has irrigated approximately 133.2 million L (35.2 million gal), resulting in the distribution of approximately 1500 Ci of tritium over the 22-ac (8.9-ha) forested area via irrigation. As of March 2004, the pond was responsible for the storage of approximately 95 Ci of tritium and the evaporation of approximately 284 Ci of tritium based on the Penman method previously described. In total, the pond and disposition water management strategy prevented approximately 1880 Ci of tritium from entering Fourmile Branch via forest evapotranspiration, pond storage, and evaporation. Figure 10 shows tritium activity from a sampling location in the first-order creek approximately Figure 9 . Soil water tritium activities (pCi mL -1 ) at five depths (25, 55, 135, 205, and 295 cm; 9.8, 21.6, 53.1, 80.7, and 116.4 
CONCLUSIONS
A pond containment and disposition strategy has been effective in minimizing the amount of tritium that reaches Fourmile Branch. The success of the seep water management strategy was the result of using natural processes such as evaporation and evapotranspiration to facilitate the release of tritium into the atmosphere. Understanding the pond and forest hydrology in the project area is critical to further optimizing this unique remediation strategy. Current and future results associated with this project may assist in developingfuture groundwater management and remediation strategies at SRS and other facilities located in similar landscapes. 
